Winter physiology of woody plants is a key issue in temperate biomes. Here, we investigated different frost resistance mechanisms on 1-year-old branches of 11 European tree species from November until budburst: (i) frost hardiness of living cells (by electrolyte leakage method), (ii) winter embolism sensitivity (by percentage loss of conductivity: PLC) and (iii) phenological variation of budburst (by thermal time to budburst). These ecophysiological traits were analyzed according to the potential altitudinal limit, which is highly related to frost exposure. Seasonal frost hardiness and PLC changes are relatively different across species. Maximal PLC observed in winter (PLC Max ) was the factor most closely related to potential altitudinal limit. Moreover, PLC Max was related to the mean hydraulic diameter of vessels (indicating embolism sensitivity) and to osmotic compounds (indicating ability of living cells to refill xylem conducting elements). Winter embolism formation seems to be counterbalanced by active refilling from living cells. These results enabled us to model potential altitudinal limit according to three of the physiological/anatomical parameters studied. Monitoring different frost resistance strategies brings new insights to our understanding of the altitudinal limits of trees.
Introduction
Tolerance to wintertime freezing is a key factor limiting plant survival and distribution in many ecosystems (Sakai and Larcher 1987 , Pockman and Sperry 1997 , Ewers et al. 2003 . The ability of plants to survive freezing hinges on the resistance of living tissues and the non-living water transport system (Pratt et al. 2005) . During winter, perennial plants are able to increase the tolerance of perennial parts and avoid frost exposure of sensitive parts (e.g., leaves). Freezing avoidance in buds is often considered a crucial parameter to escape late freezing events in spring (Leinonen and Hänninen 2002) , when high hydration makes them especially sensitive (Rodrigo 2000) .
On the one hand, plants can suffer damage (lethal in extreme cases) when intracellular water freezes or extracellular freezing of sap dehydrates cells to dangerous levels (Sakai and Larcher 1987, Améglio et al. 2001a ). Perennial plants from temperate regions have thus developed the ability to dramatically modulate their resistance to freezing temperatures. Cold hardening starts late in the growing season as day length shortens and temperature decreases (Huner et al. 1998 , Li et al. 2003 . These environmental cues trigger a series of physiological and biochemical changes that induce higher resistance in the plant (Levitt 1980) . Carbohydrate dynamics (especially inter-conversion of starch to soluble sugars) have been extensively investigated in terms of their relationship to frost resistance (Siminovitch et al. 1953 , Sakai 1966 , Morin et al. 2007 , Poirier et al. 2010 . Many studies also proved that water content decreases when plants harden (Chen and Li 1976 , Ögren 1999 , Gusta et al. 2004 ).
On the other hand, geographical distribution of plants is related to frost-induced embolism (Langan et al. 1997, Pock man and Sperry 1997) . Winter embolism is a consequence of consecutive freeze-thaw cycles (Zimmermann 1983 , Tyree and Cochard 1996 , Pockman and Sperry 1997 . When sap freezes, dissolved gases escape due to their very low solubility in ice (Sperry and Sullivan 1992) , and these bubbles can either dissolve back into the xylem sap or expand into the xylem conduit . Mean conduit diameter is often related to winter embolism sensitivity (Davis et al. 1999 , Sperry and Robson 2001 , Pittermann and Sperry 2003 . For coniferous species with narrow xylem conducting elements, freezing events generally cause little damage to xylem (Sperry and Sullivan 1992) , but observed that low water potential and numerous freeze-thaw events are critical. In ring-porous species with wide xylem conducing elements, such as Quercus (Cochard and Tyree 1990) or Fraxinus (Cochard et al. 1997 ), a single freeze-thaw event can embolize most xylem conduits. In diffuse-porous species (intermediate diameters), the loss of hydraulic conductivity generally increases progressively during winter, as in Acer (Sperry and Sullivan 1992) or Fagus (Borghetti et al. 1993 .
Different sap circulation restoring mechanisms have been characterized to date , Cruiziat et al. 2002 , including the development of new functional vessels and/or active refilling (Ewers et al. 2001) . Several authors (Sperry et al. 1987 , 1988 , Hacke and Sauter 1996 , Améglio et al. 2004 ) have investigated vessel refilling through positive pressures in xylem. Some species (i.e., Juglans or Acer) exhibit positive pressures in xylem sap during winter related to high sugar contents and osmolarity (Améglio and Cruiziat 1992 , Améglio et al. 1995 , 2001b . Positive pressures in xylem sap related to mineral nutrition and soil temperature are also observable in autumn or spring (Ewers et al. 2001) , whereas in several species (mainly ring-porous and conifer species), positive pressure has never been observed.
Most studies performed on frost damages have been limited to a narrow focus: either living-cell frost resistance, hydraulic resistance to winter embolism or avoidance of spring frosts depending on timing of budburst. However, xylem embolism sensitivity, for instance, is not an exclusively physical process; as freezing-induced damages to aboveground parts may limit xylem refilling by stem-pressure mechanism (Améglio et al. 2001b) but not root-pressure mechanism (except in some harsh conditions; Zhu et al. 2002) . Here, we monitored different types of frost resistance (vessels, living cells and timing of budburst) in several common European tree species. These species were chosen according to their differences in distribution (e.g., maximal altitudinal limit as recorded in France; Rameau et al. 1989 Rameau et al. , 1993 , which we hypothesized would be closely related to frost sensitivities. We expect that these different species exposed to similar frost pressure (growing in the same local area) would present a significant enough interspecific variability in physiology to provide clues to understanding their potential altitudinal limits: (i) hydraulic resistance is expected to be related to anatomical parameters, (ii) living-cell resistance is expected to be related to osmotic compounds, (iii) osmotic compounds are also expected to be involved in embolism refilling ability.
According to these relations, we expect to highlight the general mechanisms driving the altitudinal limit of trees.
Materials and methods

Plant materials
The trees were growing in two sites near 
Electrolyte leakage test
We performed frost hardiness tests on 1-year-old branches at every date on each tree (Zhang and Willison 1987 , Sutinen et al. 1992 . We cut the samples into six 5-cm-long pieces without buds. Different pieces were cooled down to one of four sub-zero temperatures or used for two controls (unfrozen and frozen at −75 °C). In temperaturecontrolled boxes, cooling and warming cycles were computercontrolled by a circulator bath (Ministat Huber, Offenburg, Germany) with an external Pt100 probe in the chamber.
Freezing was applied at a steady rate of −5 K h −1 down to −10, −20, −30 °C and either −5 °C in November and spring or −40 °C in winter. Air temperature was then held at a minimal temperature for 1 h, followed by thawing at a rate of 5 K h −1 back to 5 °C. Temperatures were recorded on a datalogger (Campbell, Logan, UT, USA) as 1-min averages. In addition, an unfrozen control was stored at +5 °C (control) and another control was stored in a freezer at −80 °C with freezing rate ca.
After freezing treatment, we cut the samples into 5-mm-long sections and put them into glass vials with 15 ml of distilleddeionized water. The vials were shaken for 24 h at +5 °C (to limit bacterial development) on a horizontal gravity shaker (ST5, CAT, Staufen, Germany). We measured electrolytic conductivity of the solution (C 1 ) at room temperature with a conductimeter (Held Meter LF340, TetraCon ® 325, Weilheim, Germany).
After autoclaving at +120 °C for 30 min and cooling down to room temperature, we measured conductivity again (C 2 ). Relative electrolytic leakage (REL) was calculated as C 1 /C 2 as described in Zhang and Willison (1987) . We assumed the following relationship between REL and the percentage of cellular lyses (L) for each sample:
where θ is the test temperature, parameters a and d define asymptotes of the function and b is the slope at inflection point c.
Frost hardiness level was estimated as the temperature of the inflection point (c) of the adjusted logistic sigmoid function (Eq. (1)) (Repo and Lappi 1989) . Parameter estimation was performed by non-linear regression using ExcelStat ver. 7.5.2.
Hydraulic conductivity of the non-living water transport system
We immediately immersed the bottom of the 1-m-long branches under water until we measured hydraulic conductance using the Xyl'em device (Bronkhort, Montigny-les-Cormeilles, France, licenced INRA; see Cochard et al. 2000 for details). We cut 7-cm-long samples on 1-year-old segments (n = 3/species) immersed under water to prevent air entry into vessels. The extremities were cut again with a scalpel to form a sharp end.
We first measured initial conductance (k i ) using a solution of KCl 0.1 mol l −1 at low pressure (0.350 kPa). After perfusion of the same solution at high pressure (140 kPa) for embolism resorption, we measured the conductance several times until maximal conductance (k max ) was reached. Percentage loss of conductivity (PLC) was calculated as (k max − k i )/k max .
Water content and sap osmolarity
We extracted xylem sap from samples (40-cm-long, n = 3 per species) using a vacuum pump (Bollard 1953) . Extracted sap was weighed (SW) and osmolarity was measured with a Roebling 13DR automatic osmometer (Messtechnik, Berlin, Germany). After xylem sap extraction, sample fresh weights (FW) were measured, before being dried for 7 days at 80 °C and weighed (DW). Water content was calculated as: (FW + SW − DW)/DW.
Extraction and quantification of soluble carbohydrates
We mixed 50 mg of lyophilized ground samples with 1 ml of mannitol solution (5 g l −1 ) in 80% ethanol, shaken for 30 min at 80 °C, then centrifuged (10 min, 15,775 g, 20 °C, SR2000, Prolabo, Fontenay-sous-bois, France). We filtered the supernatant in a cartridge containing AGX-1 anion-exchange resin (150 µl), polyvinylpolypyrrolidone (100 µl) and activated charcoal (200 µl). We mixed the solid three times with 80% ethanol (1 ml), 50% ethanol (0.5 ml) and 80% ethanol (0.5 ml) before rinsing the cartridge with 80% ethanol (1 ml). We dried liquid fraction for carbohydrate analysis and solid fraction for starch analysis. For carbohydrate analysis, we dissolved each sample in 0.5 ml water and separated them on an Aminex-HPX87C column coupled with a refractometer (R12000, Sopares, Gentilly, France). To measure starch content, we mixed the solids with NaOH 0.02 N and autoclaved them (2 h, 120 °C, 1 bar). We incubated the samples with amyloglucosidase (1.5 h, 52 °C) in a 96-well microplate, with 12 µl ATP (5 × 10 −4 mol l −1 ), 12 µl NADP (1.4 × 10 −4 mol l −1 ), 60 µl triethanolamine buffer (triethanolamine 0.48 mol l −1 , magnesium sulfate 1 × 10 −2 mol l −1 , pH = 7.6), 96 µl water and 12 µl of sample supernatant in each well. We measured the absorbance at 340 nm (Power Wave 200, BioTek Instruments, Thiais, France) as a blank and after incubation with 10 µl of hexokinase/glucose-6-phosphate dehydrogenase (EC1.1.1.49) for 40 min under shaking.
Mean vessel diameter
We sliced the samples in 20-µm-thick cross-sections on a cryomicrotome (Reichert-Jung, 2030, Vienna, Austria) with a platinum-cooled Peltier and sandwiched under glass coverslips. We sliced two cross-sections per individual on different branches (n = 6 per species). We took digital photos of the vessels (magnification: ×400) and processed them using the ImageJ software (http://rsb.info.nih.gov/ij). We calibrated between the samples using micrometer photos at the same magnification. We calculated the mean hydraulic diameter (D h ) from individual vessel diameter (D) as: ΣD 5 /ΣD 4 . The hydraulic diameter is relevant for hydraulic conductance within a branch (Davis et al. 1999 ).
Phenological and climate data
We checked, every 2 days, on five branches per tree species buds phenological stages. Date when 50% of the buds that would eventually break had reached stage 10 on the BBCH scale was calculated as the day of budburst (Meier 2001) . We monitored daily maximum and minimum air temperature for each sample site by governmental weather stations (Meteo France): Saint-Genes-Champanelle: 45°43′7.58″N, 3°1′0.57″E and Aulnat: 45°47′12.67″N, 3°8′57.30″E. We calculated thermal time from 1 January until day of budburst in degree-days (DD; Arnold 1959) as: Σ(T mean − 5) (if T mean > 5 °C).
Statistical analyses and modeling
We calculated linear regression and P values using R software (R Development Core Team 2005). We performed analysis of variance (ANOVA) and subsequent post hoc Fisher's test (least-significant difference (LSD)) to determine significant differences between groups with α = 0.05. For correlation tests, we used Spearman's non-parametric test with α = 0.05 after testing for normality of distribution with a Shapiro-Wilk test.
We modeled potential altitudinal limit by multiple linear regression fitted by R 2 minimization using the lm function in the R software. Selection of the best model was based on significance of parameters with higher adjusted R 2 and lower Bayesian information criterion (BIC), which qualitatively compare models according to maximum likelihood and parsimony.
Results
Frost resistance of living cells
Frost hardiness for all of the species increased from November until deep winter (frost hardening period) then decreased until budburst (dehardening) in all groups: high-mountain (Figure 1a) , low-mountain ( Figure 1b ) and lowland species (Figure 1c) . In mid-winter, mean maximal frost hardiness (FH Max ) was −24.4 ± 1.0 °C in the lowland species group, which was similar to the low-mountain species group (−25.4 ± 1.1 °C) and lower than the high-mountain species group (−31.7 ± 1.3 °C). In this group, P. sylvestris presented a very strong FH Max in winter (−39.7 ± 0.7 °C), but the difference was still significant (Fisher's LSD test; P = 0.032) without this species.
During winter, changes in frost hardiness were negatively correlated with starch content dynamics for all of the species except A. cordata, A. pseudoplatanus, C. betulus and P. cerasifera (Table 2) . Soluble carbohydrate content increased with increasing frost hardiness except in B. pendula, C. avellana and P. sylvestris. Water content was only significantly correlated to frost hardiness Table 2 . Correlation between changes in frost hardiness and in starch content (mg g −1 DW), soluble carbohydrates content (mg g −1 DW) or water content (g g −1 DW) in different species. Numbers represent Spearman's correlation coefficient and symbols significance of correlation: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Numbers 1-3 refer to altitudinal distribution as in Table 1 . Numbers in italics indicate that the correlation is not significant.
Species
Starch content 
Frost resistance to embolism
In the high-mountain species group, PLC remained null through winter for C. avellana, B. pendula and P. sylvestris, and maximal PLC (PLC Max ) was 43% for A. pseudoplatanus and 39% for F. sylvatica (Figure 2a ). In the low-mountain species group, PLC Max was higher than 60% (Figure 2b ). Seasonal changes also contrasted across species. In Q. robur, PLC was 100% after the first freeze-thaw cycle, while for A. cordata, PLC increased in winter and decreased just before budburst. In lowland species (Figure 2c ), PLC Max was higher than 60% for the four species with either 100% embolism after the first freeze-thaw cycle or increase in PLC during winter followed by a decrease before budburst. We observed three different patterns of hydraulic frost resistance: (i) complete resistance (B. pendula, C. avellana and P. sylvestris), (ii) complete sensitivity (Q. robur and R. pseudoacacia) and (iii) an increase of embolism during winter followed by a decrease before budburst (A. cordata, A. pseudoplatanus, C. betulus, F. sylvatica and J. regia × nigra). Furthermore, PLC generated by one freeze-thaw cycle in November (PLC AFC ) is related to mean hydraulic diameters of xylem conducing elements with a threshold in sensitivity around 30 µm (Figure 3) . Among species exhibiting total or partial embolism repair, only F. sylvatica and J. regia × nigra significantly increased sap osmolarity during the winter compared with autumn or spring (Figure 4a ). At budburst, B. pendula, C. betulus, C. avellana and P. cerasifera also significantly increased osmolarity. Osmolarity was highly correlated to osmotic pressure generated by soluble carbohydrate (r = 0.89; P < 0.001; Figure 4b ), explaining 76% of the variance in osmotic pressure.
Relation with potential altitudinal limit
Frost avoidance to late frost, evaluated based on thermal time to budburst (TT) in DD from 1 January until budburst, was early for B. pendula, C. avellana, P. cerasifera and Q. robur (150 < TT < 250DD), but late for P. sylvestris, F. sylvatica, C. betulus, R. pseudoacacia, A. cordata and A. pseudoplatanus (250 < TT < 350DD) and even later for J. regia × nigra (TT > 350DD). However, we found no significant correlation in either potential altitudinal limit (r = −0.28; P = 0.12), PLC Max (r = 0.34; P = 0.054), FH Max (r = 0.33; P = 0.064) or PLC AFC (r = 0.30; P = 0.089) ( Table 4) .
Significant correlations between parameters (see Table 4 ) were used to model potential altitudinal limits depending on the ecophysiological parameters (PLC Max , PLC AFC , FH Max and/or TT) or physiological parameters (D h , NSC Nov , Starch Min , Raffi Max , WC Max and/or WC Min ). According to the ecophysiological parameters, the most significant and parsimonious model (R 2 adj = 0.602; P < 0.001; and BIC = 478.89) was dependent on only one parameter, PLC Max (Table 5) . As PLC Max appeared strongly correlated to both FH Max and PLC AFC (R 2 = 0.774; P < 0.001) without correlation 
Discussion
Frost resistance of living cells
Electrolyte leakage is widely used as a method to monitor frost hardiness in different tissues (Sutinen et al. 1992 , Stattin et al. 2012 ). All of the species harden in autumn and deharden prior to budburst. The timing of frost hardening or dehardening development (date of beginning, end and rate) could have been useful to evaluate potential risks in autumn or spring, but would require far more sampling dates on all 11 species. Here, we focused on FH Max (in January or February) as a good descriptor of specific maximal resistance level (Larcher and Mair 1968 , Nilsson and Walfridsson 1995 , Morin et al. 2007 . At the intra-specific level, FH Max has never been observed to differ significantly among environmental conditions Mair 1968, Bower and Aitken 2006, Relationship between sap osmolarity and soluble sugar concentration (glucose, fructose and sucrose: GFS) measured from xylem sap in species that increased PLC during winter then decreased PLC before budburst. The GFS is expressed in osmotic pressure units as calculated from total concentration of the three component sugars. The coefficient of determination (R 2 = 0.871, P < 0.001) of the linear regression is presented. Table 3 . Thermal time ± SE (in DD base 5 °C) calculated from 1 January until budburst for different species (if T mean > 5 °C: TT = Σ(T mean − 5)). Numbers 1-3 refer to altitudinal distribution as in Table 1 Significance of correlation is indicated by: *P < 0.05; **P < 0.01; ***P < 0.001 and the relationships used for altitudinal limit modeling are in bold (cf. text and Figure 5 ). Charrier et al. 2011) . Even though small differences are observed across ecotypes, inter-specific variability is higher. FH Max was correlated to NSC Nov (Table 4) , as already described by Morin et al. (2007) in Quercus. Non-structural carbohydrate contents are the main components of plant carbon balance (Chapin et al. 1990 , Le Roux et al. 2001 ) and indicate carbon limitation in timberline ecotones (Körner 1998 , Hoch and Körner 2003 , Shi et al. 2008 , Bansal and Germino 2009 . Nonstructural carbohydrate contents play an active role in frost hardiness via starch hydrolysis into soluble sugars (Sakai 1966 , Améglio et al. 2004 , Poirier et al. 2010 or, in P. sylvestris, other compounds such as amino acids, lipids or macromolecules (Lasheen and Chaplin 1971, Zwiazek et al. 2001) . Frost hardiness is also related to raffinose in angiosperms (Thomas et al. 2004 ) and conifers (Strimbeck et al. 2008) . Water content changes were only significant for a few species (e.g., C. betulus, J. regia × nigra and P. sylvestris), although the relationship has been demonstrated in many other studies (Tanino et al. 1990 , Ögren 1999 , Gusta et al. 2004 .
Frost resistance to embolism of non-living water transport systems
Some species are highly embolism resistant (B. pendula, C. avellana and P. sylvestris), whereas others are highly embolism sensitive (Q. robur and R. pseudoacacia). Freeze-thawinduced cavitation may be considered a purely physical process due to water potential deficit (Mayr and Charra-Vaskou 2007) , number of freeze-thaw cycles ) and diameter of xylem vessels (Davis et al. 1999 , Pratt et al. 2005 . Thus, PLC observed after one freeze-thaw event (PLC AFC ) appears strongly correlated to large mean hydraulic diameter of vessels (D h Figure  3 ) and low minimal water content (WC Min Table 4 ). Without water stress, woody plants with D h lower than 30 µm are resistant to freeze-thaw-induced cavitation, whereas those with D h higher than 30 µm are sensitive (Davis et al. 1999) . So far, this threshold in sensitivity is mainly observed on cavitation induced in the lab (Pittermann and Sperry 2003 , Pratt et al. 2005 , Stuart et al. 2007 , Pittermann 2010 , but it has also been observed from data collected in field conditions at intra-specific (Schreiber et al. 2013) or inter-specific level (Figure 3 ). In winter, some species are able to actively refill their vessels via water movements (Sakr et al. 2003) . Here, we could not differentiate stem xylem pressure (Améglio et al. 2001b (Améglio et al. , 2004 and root xylem pressure (Ewers et al. 2001) as xylem pressure was not monitored. Root pressure is a probable mechanism of embolism repair in species that significantly decreased PLC before budburst (Figure 2: A. pseudoplatanus, A . cordata, C. betulus, F. sylvatica and J. regia × nigra) . It has been identified in A. pseudoplatanus, F. sylvatica and J. regia × nigra but the results suggest it could be more widely distributed than these few observations indicate.
Sap osmotic pressure (Figure 4a ) and sap-soluble carbohydrate content dynamics (Figure 4b ) indicate that stem pressure could be involved in refilling in F. sylvatica and J. regia × nigra during winter and probably also in B. pendula at the budburst. Surprisingly, this relationship was not observed for A. pseudoplatanus despite carbohydrates being found in xylem sap during winter (Milburn and Zimmermann 1986 , Cirelli et al. 2008 .
Finally, correlations between PLC AFC and Starch Min , Raffi Max or NSC Nov suggested that the sampling date was too late after the freeze-thaw cycle (3 days) and that some species were already refilling their vessels (as suggested in Figure 3 with F. sylvatica and J. regia × nigra away from the curve). PLC max is influenced by embolism formation (due to wide xylem elements) and refilling ability, which depends on living cells. Thus, PLC Max is directly related to vessel (PLC AFC ) and living-cell (FH Max ) resistances and indirectly related to physiological or anatomical parameters explaining these resistances (D h , NSC Nov , Starch Min , Raffi Max , WC Max and WC Min : Table 4 ).
Frost resistances and altitudinal limit
There was large inter-specific variability in budburst date across species (3 months from 27 February until 27 May). Thermal time to budburst is spread from 155 DD in B. pendula or C. avellana to 402 DD in J. regia × nigra (Table 3) . We found no relationship with potential altitudinal limit. This is surprising, but similar correlations (between day of budburst and location) have only previously been observed in intra-specific comparisons along a latitudinal (P. abies in Leinonen and Hänninen 2002) or altitudinal gradient (A. pseudoplatanus, F. excelsior, Q. petrae and F. sylvatica in Vitasse et al. 2009 ). Even if dormancy release is controlled by chilling exposure, some species are chilling-insensitive (Morin et al. 2009 ). Ecodormancy could also be under photoperiod control (Caffarra and Donelly 2011) , which would help avoid late freezing damages, and thus the risks limiting the impact on growing season length and carbon balance.
Carbon reserves are a crucial parameter involved in plant cell frost resistance and ability to refill embolized vessels. Vessel hydraulic integrity is the key physiological process in plant survival (Pratt et al. 2008 (Pratt et al. , 2010 . It is also related to altitudinal (Tyree and Cochard 1996 , Langan et al. 1997 , Pockman and Sperry 1997 or latitudinal distribution of species (Stuart et al. 2007 ). However, frost resistance to winter embolism can be addressed via two different focuses: physical resistance to embolism formation (PLC AFC ) and the resistance of living cells that can actively refill vessels (FH max ). Very few studies have monitored hydraulic and living-cell resistances concomitantly. Medeiros and Pockman (2010) found that freezing tolerance increases in leaves and xylem under drought conditions, but Feild and Brodribb (2001) arrived at the opposite conclusion on 12 tree and shrub species from treeline in Tasmania. Schreiber et al. (2013) found significant correlations between anatomy, frost hardiness in late summer and growth ability in a boreal planting environment in different hybrid poplar clones. Narrow vessels seem to be an important adaptive trait in frost-exposed environments.
According to our findings, hydraulic architecture integrity is not only critical for trees under drought conditions (Choat et al. 2012 ), but also during winter freezing conditions. Based on the correlations presented in Table 4 , we modeled potential altitudinal limit depending on ecophysiological or physiological parameters (Table 5) . While wood anatomy (D h ) appears to be the main driver of altitudinal limit, osmotic-related parameters (GNS Nov and WC) are also highly significant. This relation could be generalized in different environmental conditions with genotypic effect and interactions.
Conclusions
This study brings new insights into the physiology of frost resistances at the altitudinal limit of species distributions. To survive under extreme climatic conditions, both living cells and non-living water transport systems should be resilient to freezing events. Some clear interactions were observed between two processes (embolism and refilling) that hinge on the contribution of living cells undamaged by frost to the development of pressurization mechanisms. After freezing damage, a reduction in refilling ability could lead to reduced bud survival, inducing a loss of carbon (spent to build new structures and reducing carbon assimilation period). This study highlights some important traits (i.e., NSC content, sap osmolarity or mean diameter of vessels) that should be taken into consideration in studies on frost resistance strategies in trees.
